We study the K → 2π decays using the U L (3) × U R (3) version of the NambuJona-Lasinio model with the effective ∆S = 1 nonleptonic weak interaction.
I. INTRODUCTION
The ∆I = 1 2 rule in the K → 2π decays is one of the interesting problems of the lowenergy hadron physics. Since all the particle in the initial and final states in these decay processes are the octet pseudoscalar mesons, which are considered as the Nambu-Goldstone (NG) bosons associated with the spontaneous breaking of chiral symmetry, one can use all the known properties of the NG bosons in the analyses of the processes.
One of the widely used frameworks to study the low-energy properties of the NG bosons is the chiral perturbation theory (ChPT) [1] . In ChPT, we introduce an effective lagrangian constructed in terms of nonlinearly transforming NG boson fields and treat the explicit breaking of the chiral symmetry and the external momenta of the NG bosons perturbatively.
In order to study hadronic weak interactions at low energy, an effective weak interaction lagrangian is commonly introduced. For K → 2π decays, we use ∆S = 1 nonleptonic weak interaction lagrangian L W , which has been derived from the standard theory by integrating out heavy degrees of freedom. The renormalization group equation with one-loop QCD corrections is solved to give L W at a hadronic mass scale µ in terms of local four quark operators [2] [3] [4] [5] [6] [7] [8] .
Using L W , the K → 2π decays have been studied in the ChPT [7, 9] . In this approach, the four-quark operators in L W have to be mapped on to the operators of the NG bosons.
Thus, one should examine whether this treatment is justified. It should be also noted that the K → 2π decay amplitudes are expected to be sensitive to the explicit breaking of the chiral symmetry because the matrix elements vanish in the SU(3) limit. In ChPT, this symmetry breaking is represented by the finite masses of the NG bosons. It is, however, controversial whether the ChPT can qualitatively handle the explicit symmetry breaking in the strangeness sector [10] . Therefore it seems interesting to study the K → 2π decays in an effective theory with the symmetry breaking in a direct form.
In order to investigate these two points, it may be a good idea to use a chiral effective quark model such as the Nambu-Jona-Lasinio model [11] . If the quark fields in the chiral effective quark model are identified with those in L W , there is no ambiguity of using L W .
Another good point of the chiral effective quark model is that the explicit breaking of the chiral symmetry can be introduced naturally by the current quark mass term.
A few years ago, Morozumi et al. [12] derived a chiral weak lagrangian by performing the bosonization of the L W using the NJL model as a guide and applied it to the K → 2π decays. They compared their results with those in ChPT and found that the ∆I = Although the NJL model does not confine quarks, it is considered that the NG bosons are strongly bound and therefore the processes containing only the NG bosons, such as K → 2π transitions, can be described by this model fairly well. It is also known that the low energy theorems of the NG bosons are satisfied in this model.
II. EXTENDED NAMBU-JONA-LASINIO MODEL
We work with the NJL model lagrangian density extended to U L (3) × U R (3) case [10] :
Here the quark field ψ is a column vector in color, flavor and Dirac spaces and λ a is the U(3) generator in flavor space. The lagrangian L N JL incorporates the current quark mass
Quark condensates and constituent quark masses are self-consistently determined by the gap equations. We assume the isospin symmetry, i.e., m u = m d . The pseudoscalar channel quark-antiquark scattering amplitudes are then calculated in the ladder approximation.
From the pole position of the scattering amplitude, the pion mass m π and the kaon mass m K are determined. The pion-quark coupling constant g π and the kaon-quark coupling constant g K are determined by the residues of the scattering amplitudes at the pion and kaon poles respectively. The pion decay constant f π and the kaon decay constant f K are also determined by calculating the quark-antiquark one-loop graphs.
III. EFFECTIVE NONLEPTONIC WEAK INTERACTION
The effective ∆S = 1 nonleptonic weak interaction lagrangian density we have used is
with ξ i ≡ V id V * is and V is the Kobayashi-Maskawa matrix. The four-quark operators Q r are
where α and β are indices in the color space. Q 1 and Q 2 have both the ∆I = 
IV. K → 2π DECAY AMPLITUDES
The invariant amplitude for the K → 2π decay T K→2π is defined by
By calculating the Feynman graphs shown in fig. 1 , we obtain the following results.
Here X and Y = (
where T r 
with
vanishes in the isospin symmetry limit.
V. NUMERICAL RESULTS
The experimental values of the invariant amplitudes for the K → 2π decays are as follows [13] .
Here the K + → π + π 0 decay is a pure ∆I = amplitudes strongly depend on m u . This strong dependence is attributed to the T σ term in Y 2 , eq. (10). In fig. 3 we show the calculated constituent quark masses M u and M s as functions of the current u-quark mass m u . As a result of our fitting procedure, the constituent quark masses almost linearly increase when the current u-quark mass increases. The quarkantiquark scattering amplitude in the scalar-isoscalar channel has the pole of the σ meson just above the constituent quark-antiquark threshold in the NJL model [14] . Therefore and the meson-quark coupling constants are g π = 3.023 and g K = 3.254. We have used m π , m K and f π as inputs, so f K is the prediction and our result is f K = 101MeV, which is about 11% smaller than the observed value. The ratio of the current s-quark mass to the current u,d-quark mass is m s /m u = 25.1, which agrees well with m s /m = 25 ± 2.5,
The calculated results of the K → 2π decay amplitudes in the above parameter set are
Here the numbers in parentheses are the results without including not included in the ChPT and the bosonization approach in ref. [12] . As far as we know, this is the first estimation of this type of the contribution, however our numerical result shows that its contribution is negligible.
The main origin of the enhancement of the ∆I = 1 2 amplitudes is the existence of the lowlying scalar-isoscalar σ meson, which is not experimentally confirmed. It is argued that the σ meson has a very large σ → 2π decay width and thus is not observed. In our calculation, the σ → 2π decay width is not taken into account although the σ meson has a small (50MeV ∼ 100MeV) σ →decay width. We estimate the effect of the strong σ → 2π decay on the K → 2π transitions by using the following scalar-isoscalar form factor
instead of T σ (q 2 ) in eq. (12) . Here Γ is the parameter which represents the σ → 2π decay width and g σ is determined so as to reproduce our results given in eq. (15) 
